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Division of Applied Mathematics, Brown University, Providence, Rhode IslandABSTRACT Sickle erythrocytes exhibit abnormal morphology and membrane mechanics under deoxygenated conditions due
to the polymerization of hemoglobin S. We employed dissipative particle dynamics to extend a validated multiscale model of red
blood cells (RBCs) to represent different sickle cell morphologies based on a simulated annealing procedure and experimental
observations. We quantified cell distortion using asphericity and elliptical shape factors, and the results were consistent with
a medical image analysis. We then studied the rheology and dynamics of sickle RBC suspensions under constant shear and
in a tube. In shear flow, the transition from shear-thinning to shear-independent flow revealed a profound effect of cell membrane
stiffening during deoxygenation, with granular RBC shapes leading to the greatest viscosity. In tube flow, the increase of flow
resistance by granular RBCs was also greater than the resistance of blood flow with sickle-shape RBCs. However, no occlusion
was observed in a straight tube under any conditions unless an adhesive dynamics model was explicitly incorporated into simu-
lations that partially trapped sickle RBCs, which led to full occlusion in some cases.INTRODUCTIONSickle cell anemia was the first disorder to be identified as
a molecular disease (1). The hemoglobin molecules inside
sickle red blood cells (SS-RBCs) differ from healthy cells
due to the substitution of a single amino acid in the b-chain
of hemoglobin. In a deoxygenated state, the sickle hemo-
globin (HbS) molecules exhibit low solubility and tend to
aggregate and form a polymerized state (2) characterized
by the double nucleation mechanism (3). Due to the poly-
merized HbS, the SS-RBCs undergo various morphological
changes depending on the mean corpuscular hemoglobin
concentration (MCHC) and the deoxygenation procedure
used (4,5). With a slow deoxygenation procedure and low
MCHC value, SS-RBCs tend to form into a classical sickle
shape, where HbS inside a single sickle cell tends to form
into a single aligned polymerized domain. On the other
hand, fast deoxygenation and high MCHC conditions favor
mosaic or granular shapes, where multiple polymerized
domains are typically found inside the cell.
In addition to the various cell morphologies, the mem-
brane mechanics of a SS-RBC also exhibits different
properties in oxygenated and deoxygenated states. In the
fully oxygenated state, measurements of the effective cell
membrane elasticity by optical tweezers (6) showed
a 50% increase compared with healthy cells. Measurements
by micropipette (7) showed that the effective shear modulus
of the sickle cell membrane is approximately two to three
times greater than that of the healthy cell. In contrast, the
shear modulus of the SS-RBC increases sharply as the
oxygen tension is decreased below 60 mmHg (8). Moreover,
the rigidity of the fully deoxygenated cell depends on theSubmitted September 16, 2011, and accepted for publication December 2,
2011.
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0006-3495/12/01/0185/10 $2.00MCHC value for each single cell. For a sickle cell with
a low value of MCHC (e.g., 25.5 g/dL), the effective cell
rigidity is ~100 times larger than the healthy value, whereas
for cells with a higher value of MCHC (> 35 g/dL), the
cell rigidity shows further increases and could be even
larger than the upper limit of the instrument used in the
experiment.
Intracellular polymerization and a stiffened cell mem-
brane lead to an elevation in the flow resistance of SS-RBC
suspensions. Extensive experimental studies have focused
on the dynamics of SS-RBC suspensions in both shear flow
and isolated vascular systems (4,9–11). Usami et al. (9)
measured the shear viscosity of HbS cell suspensions in
a Ringer’s solutionwith a hematocrit (Hct) of 45%. Although
the viscosity of normal blood exhibits shear-thinning
behavior, the behavior of fully deoxygenated HbS blood is
similar to Newtonian flow, because the viscosity value is
nearly shear-independent. Kaul et al. (4) and Kaul and Xue
(10,11) investigated the rheological and hemodynamic
properties of SS-RBC suspensions with various cell mor-
phologies obtained at differentMCHC values and deoxygen-
ation rates. They found that the dynamics of the SS-RBC
suspensions with various cell morphologies was heteroge-
neous. More recently, Higgins et al. (12) studied SS-RBC
suspensions in a microfluidic network in which the oxygen
tension of the environment could be controlled. Vaso-occlu-
sion was observed as the oxygen was gradually removed, and
blood flow was resumed as the oxygen was refilled into the
microfluidic device. The basis of the occlusion phenomenon
was attributed to the stiffened cell membrane in deoxygen-
ated state; however, the detailed biophysical mechanism of
the occlusion event was not explained.
Numerical simulations can be used to gain a qualitative
and quantitative understanding of the behavior of blooddoi: 10.1016/j.bpj.2011.12.006
186 Lei and Karniadakisflow in sickle cell anemia. However, relatively fewer numer-
ical studies have been reported, probably due to the
complexity of the sickling process and the heterogeneous
characteristics of SS-RBCs. Dong et al. (13) studied the
effects of cell deformability and cytosol polymerization in
a two-dimensional (2D) model of sickle cell in capillaries
where an RBC was represented as a 2D cylinder shape.
The blood flow resistance for different values of the cell
membrane shear modulus and cytosol viscosity was investi-
gated. Dupin et al. (14) studied a collection of SS-RBCs
passing through an aperture of diameter less than the size
of a single cell.
To quantify the hemodynamics of blood flow with sickle
cell anemia under various physiological conditions, we
employed a multiscale model (15,16) to simulate healthy
RBCs and SS-RBCs. We modeled an RBC as a network
of viscoelastic bonds combined with bending energy and
constraints for surface area and volume constraints. We fully
determined the mechanical properties of the cell membrane
using microscopic parameters such that we could impose
various cell membrane mechanical states without changing
the model’s parameters. Different realistic 3D cell morphol-
ogies were constructed according to the typical shapes
observed in experiments by scanning electron microscopy
(SEM) (4,10). We analyzed the quantitative shape character-
istics by introducing asphericity and elliptical shape factors
(ASF and ESF, respectively). The corresponding shear
viscosity and peripheral resistance were computed in shear
and tube flow systems. Here, we compare our findings
with available experimental results, and discuss the physical
mechanisms. We show that the model can capture the
heterogeneous hemodynamics of SS-RBC suspensions
with different cell morphologies. We also discuss the phys-
iological conditions for the occurrence of vaso-occlusion.
Although the flow resistance of diseased blood exhibits an
apparent elevation compared with healthy blood, no occlu-
sion events occur until proper adhesive interactions are
introduced into the system. Our simulation results indicate
that the adhesive interactions between the sickle cells and
the vascular endothelium play a key role in triggering the
vaso-occlusion phenomenon in straight vessels.
In this work, we constructed SS-RBCs in various 3D
morphological states and quantified them using the ASF
and ESF. We studied the dynamic properties of SS-RBC
suspensions in shear flow and tube flow with a diameter of
9 mm. The shear viscosity and tube flow resistance were
computed and compared with available experimental
results. Finally, we examined the effect of the blood cell-
endothelium interaction on the hemodynamics of SS-RBCs.MULTISCALE MODEL
The RBC model was developed within the framework of the
dissipative particle dynamics (DPD) method (17,18). DPD
is a particle-based method that is widely used for simulationBiophysical Journal 102(2) 185–194of soft matter at the mesoscopic level (19). Each DPD
particle represents a virtual cluster of atoms or molecules
rather than an individual atom. In contrast to the molecular
dynamics (MD) method, additional dissipative and random
forces are included in the particle interactions due to the
degrees of freedom eliminated during the coarse-graining
procedure (20). Details about the methods used can be found
elsewhere (19).RBC membrane
In our model, the RBC membrane is represented by a 2D
triangulated network with Nv ¼ 500 vertices, where each
vertex is represented by a DPD particle. For each single
cell, the free energy is defined by
Vrbc ¼ Vs þ Vb þ Va þ Vv; (1)
where Vs represents the viscoelastic bond interaction
between the cell vertices such that proper membrane
mechanic properties can be imposed. Vb represents the
bending energy of the cell membrane. Va and Vv respectively
represent the area and volume constraints to mimic the
incompressibility of the lipid bilayer and the intracellular
cytosol. More details on the RBC model and the scaling
between the model and the physical units can be found in
the Supporting Material and Fedosov et al. (16).Sickle cell membrane
In contrast to normal RBCs, sickle cells exhibit various
morphological states due to the presence of polymerized
HbS inside the cell. In the deoxygenated state, the HbS
molecules polymerize and grow into bundles of fiber.
Consequently, the sickle cell undergoes various degrees of
distortion due to the interaction between the growing fiber
and the cell membrane. The final shape of the sickle cell
depends on the intracellular HbS polymer configuration.
In general, classical sickle and holly leaf shapes originate
from a single HbS polymer domain growing along one
direction, and granular and near-biconcave shapes originate
from multiple domains with homogeneous growth direc-
tions. The configuration of the HbS polymer is determined
by several physiological conditions (e.g., the MCHC of
the sickle cell, rate of the deoxygenation process, final gas
tension, temperature, and pH level) that are difficult to
incorporate explicitly into the model.
Alternatively, we directly consider the surface tension
applied on the cell membrane exerted by the growing HbS
fibers in a system similar to those discussed by Daniels
et al. (21). Fig. 1 shows the triangulated mesh of a healthy
RBC with biconcave shape. We define the direction along
the thickness of RBC as the z direction, and the plane
determined by the two long axes is defined as the x-y
plane. The letters A, B, C, and D indicate the four points
with the maximum/minimum values in the x/y directions,
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FIGURE 1 (Left) Triangulated mesh of the RBC membrane. Labels A–D represent the four anchor points where the stretching force is applied. (Right)
Successive snapshots of an RBC during the morphological transition to the sickle shape.
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growing fibers can potentially approach the cell membrane.
Each anchor point is represented by eNv vertices, where
e ¼ 0.016. A different surface tension is exerted on the
cell membrane depending on the configuration of the HbS
fibers. For deoxygenated SS-RBCs with low MCHC, the
intracellular HbS polymers tend to grow into a single domain,
whereas the angular width is relatively small due to the
limited heterogeneous nucleation and branching rates, result-
ing in the classical sickle shape. Accordingly, the surface
tension is applied only on points A and C to represent the
specific direction of the polymer growth. For SS-RBCs
with high MCHC, the intracellular HbS polymers tend to
form spherulitic configurations due to the explosive growth
via the high heterogeneous nucleation rate on the preexisting
HbS polymers, resulting in the granular shape. In this case,
the growing HbS fibers may approach the cell membrane
from multiple directions, and thus the surface tension is
applied on all four anchor points. We note that the HbS
polymer may interact with the cell membrane at more than
four positions, resulting in the multiple spicules distributed
in the cell membranes. However, this type of cell exhibits
a similar granular shape. Therefore, we use four anchor
points in this study to represent the positions where the
growing HbS fibers interact with the cell membrane.
Starting from the original biconcave shape, the cell
membrane undergoes various deformations until a certain
new shape is achieved. We define the new shape as the equi-
librium state of the sickle cell and remove the surface
tension applied at the anchor points. To define the distorted
shape as the stable state of the sickle cell with minimum free
energy, we have to eliminate the local stress on the cell
membrane generated by the distortion. To that end, we apply
a stress-free model to the new state of the sickle cell. Theequilibrium length of li0 of each bond is set to the edge
length of the new state for i ¼ 1;. ; Ns. This leads to indi-
vidual maximum extension for each bond as li0=x0, where x0
is a constant < 1. This annealing procedure provides a bond
network that is free of local stress abnormalities. Finally, the
bond parameters are adjusted according to the shear
modulus of the sickle cell. A mathematical description of
the three main shapes (sickle, elongated, and granular) is
given in the Supporting Material.Adhesion model
In addition to abnormal cell morphologies, the SS-RBCs
also exhibit adhesive behavior with the blood vessel wall
as well as with leukocytes present in the blood stream. In
this first study, we omit the important effect of the cell-
cell interaction because it deserves to be examined in a sepa-
rate study. To investigate the effect of the SS-RBC/wall
adhesive mechanism on the hemodynamics of the SS-RBC
suspensions, we employ a stochastic model (22,23) to repre-
sent the multifunctional interactions. Specifically, we
assume that the sickle cell vertices can interact with the
endothelial ligands within an interaction distance don. For
each time step Dt, transient bonds can be formed between
the cell vertices and the endothelial ligands with probability
Pon ¼ 1 ekonDt, and the existing bonds can be ruptured
with probability Poff ¼ 1 ekoffDt, where kon; koff are the
reaction rates defined by
kon ¼ k0on exp

 sonðl l0Þ
2
2kBT

;
koff ¼ k0off exp

soff ðl l0Þ2
2kBT

;
(2)Biophysical Journal 102(2) 185–194
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strengths. For existing bonds, the force between the recep-
tors and ligands is defined by FðlÞ ¼ 2ksðl l0Þ, where ks
is the spring constant and l0 is the equilibrium length.RESULTS
We constructed three different types of sickle cell
membranes as typically observed in experiments (10), and
further quantified their various morphologies using the
ASF and ESF to represent the degree of distortion of the
cell membrane. We then investigated the shear viscosity of
SS-RBC suspensions with different morphologies and Hct
values, and compared our findings with experiment results.
We studied the hemodynamics of SS-RBC suspensions in
a tube with a diameter of 9.0 mm. Finally, we investigated
the effect of the adhesive interaction between the SS-
RBCs and a modeled vascular endothelium on the vaso-
occlusion phenomenon.FIGURE 2 ASF and ESF for the different shapes of sickle cells. Labels
G, S, and E represent the granular, sickle, and elongated shapes of the sickle
cells, respectively, and the inset shows their morphologic projections on the
x-z and x-y planes. The inset images represent experimental observations
for different morphologic states of deoxygenated SS-RBCs by SEM (repro-
duced with permission from Kaul and Xue (10)). The label B corresponds to
the original biconcave shape, the morphological projection of which is
shown in Fig. 1.Morphology of the SS-RBCs
The morphologic characteristics of sickle cells were previ-
ously studied with the use of SEM for different intracellular
MCHC values (4) and deoxygenation rates (10). Sickle
cells with medium MCHC values exhibit a sickle shape,
whereas cells with high MCHC values exhibit a granular
shape. Similarly, a slow deoxygenation rate results in
a sickle shape and a fast deoxygenation rate favors a gran-
ular shape. Remarkably, a third type of SS-RBC is
observed with a prolonged (30 min) incubation of the
granular cell in the deoxygenated condition. In contrast to
the sickle and granular shapes, the cell exhibits an
extremely elongated shape in one direction with a projec-
tion much longer than the diameter of the cell. This type
of cell probably originates from further polymerization of
HbS in a certain direction during the prolonged deoxygen-
ated condition.
To mimic the various distortion effects on the cell
membrane, we apply different forces at the anchor points,
as discussed in the previous section and shown in Fig. 1.
An opposite force is applied uniformly on the rest of the
vertices to keep a total force of zero on the cell. The sickle
shape is obtained from the aligned HbS polymer growing
along one direction. The stretching force is only applied
on the anchor points A and C. The z-component of the forces
represents the deflection of the HbS fiber widely observed in
experiment. The successive snapshots in Fig. 1 show the
shape transition of an SS-RBC from the biconcave to the
classical sickle shape. Similarly, we obtain a granular shape
by applying the stretching force on all four of the anchor
points. Detailed information about the stretching force is
presented in the Supporting Material.
The distorted shape of the cell is defined as the equilib-
rium state for the sickle cell through the procedure ex-Biophysical Journal 102(2) 185–194plained in the previous section (see also Supporting
Material). The degree of distortion can be identified by an
eigenvalue analysis of the gyration tensor defined by
Gmn ¼ 1
Nv
X
i

rim  rCm

rin  rCn

; (3)
where ri are the RBC vertex coordinates; rC is the center of
mass; and m, n can be x, y, or z. The three eigenvalues ob-
tained from the gyration tensor are denoted by l1, l2, and
l3, where l1 < l2 < l3. The ASF and ESF are defined by
ASF ¼ ððl1  l2Þ2 þ ðl2  l3Þ2 þ ðl3  l1Þ2Þ=2R4g, ESF ¼
l3 / l2, where Rg is the radius of gyration defined by
R2g ¼ l1 þ l2 þ l3.
The ASF measures the deviation of the RBC from
a perfect sphere shape, and the ESF measures the degree
of distortion on the x-y plane. Fig. 2 plots the ASF and
ESF for the three types of cells constructed above. The gran-
ular cell shows characteristics similar to those of a healthy
cell, and the elongated cell exhibits the largest deviation
from the perfect biconcave shape. A similar morphological
analysis was previously conducted on the medical image of
different sickle cells on 2D plane, and circular and elliptical
shape factors were computed for granular- and sickle-
shaped cells (24,25). The different morphologies we con-
structed in this work show consistent agreement with the
results from the medical image analysis (24,25).
FIGURE 3 Shear viscosity of healthy blood and SS-RBC suspensions
with Hct ¼ 45%. The dashed lines represent the fitted curve to the simula-
tion result by h ¼ bea=g0:5 þ c, where g is the shear rate; a, b, and c ¼
1.43, –6.04, 8.78, respectively, for healthy blood; and 1.08, –5.5, 23.9,
respectively, for deoxygenated SS-RBC suspension. The inset plot shows
a snapshot of the granular SS-RBCs in shear flow.
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The abnormal rheological properties of SS-RBCs are
correlated with the stiffened cell membrane, which was
previously measured in micropipette experiments (8) at
different stages of deoxygenation. The shear modulus of
the fullly deoxygenated sickle cell falls within a wide range
of values depending on the intracellular HbS polymeriza-
tion. For SS-RBCs with a low MCHC value (25.5 g/dL),
the shear modulus is ~100 times the value of healthy
cells. However, for SS-RBCs with a high MCHC value
(> 35 g/dL), the ratio between the sickle and healthy cells
varies from 300 to N, where N represents a certain high
value beyond the instrument’s measurement range. For
SS-RBCs studied in rheological experiments, the typical
MCHC value reported is between 32.2 g/dL and 41 g/dL.
Therefore, we choose the shear modulus of the fully deoxy-
genated sickle cell to be 2000 times the value of the healthy
cells. The bending rigidity of sickle cell under different
deoxygenated stages is unknown. We set its value to be
200 times the value of healthy RBCs. With respect to the
specific value of the shear modulus we used, sensitivity
studies reveal that the shear viscosities of SS-RBC suspen-
sions have a weak dependence on the shear rate until the
ratio of the SS-RBC shear modulus to the value of healthy
cells is on order of 1000; similarly, for bending rigidity,
a weak dependence on the shear rate is achieved with the
value of SS-RBC ~200 times the value of healthy cells.
Blood flow in sickle cell anemia is modeled by a suspen-
sion of SS-RBCs in a solvent, which is represented by
a collection of coarse-grained particles with DPD interac-
tions. The dissipative force coefficient g for the vertex-
solvent interaction defines the RBC-solvent boundary
conditions (16). A short-range Lennard-Jones repulsive
interaction is imposed between the membrane vertices of
different (i.e., healthy or diseased) cells for volume exclusion
between the cells. The Lennard-Jones potential is defined
by UL JðrÞ ¼ 4e½ðsL J=rÞ12  ðsL J=rÞ6, where sL J ¼ 0:42,
e¼ 1.0 in the DPD unit and the repulsive interaction vanishes
for r>21=6sL J.
With the SS-RBC suspension defined above, we first
consider the shear flow system with Hct ¼ 45% following
the experiment of Usami et al. (9). The viscosity of the
solvent is chosen to be h0¼ 1.2 cp. The specific morpholog-
ical characteristics of the SS-RBCs were not specified in the
experiment. However, we note that the reported MCHC
value of the sickle cell is relatively high (37.7 g / dL). There-
fore, the granular shape is adopted for the current simula-
tion. Periodic Lees-Edwards boundary (26) conditions are
imposed on the fluid system in which different shear rates
can be obtained. The simulation domain has the size of
403828 in DPD units, with 182 cells placed in the
system. Fig. 3 shows the viscosity computed for both
healthy and diseased blood with different shear rates. The
dashed lines represent the simulation results fitted byh ¼ bea=g0:5 þ c, where g is the shear rate, and a, b, and
c are fitting parameters specified in Fig. 3. Good agreement
with the experimental results is obtained for both types of
blood. Healthy blood behaves as a non-Newtonian fluid
under normal conditions with shear-dependent viscosity
(27). The blood cells are less deformed at low shear rate
conditions and exhibit solid-like properties with relatively
high viscosity. On the other hand, the blood cells can be
largely deformed at high shear rate conditions, with the fluid
properties being more pronounced. Therefore, the viscosity
of healthy blood decreases as the shear rate increases, as
shown in Fig. 3. In contrast to the healthy RBC suspension,
the deoxygenated SS-RBC suspension shows elevated
viscosity values that are nearly independent of the shear
rate. This difference arises from the largely stiffened sickle
cell membrane, which is so rigid that the cell cannot be
deformed even with the high shear rate employed in the
experiment (9). Therefore, the sickle cell exhibits solid-
like behavior throughout the entire region of shear rate con-
ducted in this study. Our model, which consists solely of
SS-RBCs in suspension, clearly captures this transition
from non-Newtonian to Newtonian flow.
To investigate the relationship between the rate of deox-
ygenation effect and the rheology of SS-RBC suspensions,
Kaul et al. (10) examined the shear viscosity of SS-RBC
suspensions subjected to both fast and gradual deoxy-
genation procedures. SS-RBC suspensions subjected to a
gradual deoxygenation procedure showed a monotonic
elevation of shear viscosity and the formation of sickle-
shaped blood cells over a period of 30 min until the full
deoxygenated state was achieved. In contrast, SS-RBC
suspensions subjected to a fast deoxygenation procedureBiophysical Journal 102(2) 185–194
190 Lei and Karniadakisexhibited two distinct phases. The shear viscosity of the
SS-RBC suspensions showed fast elevation within the
first 7 min of deoxygenation accompanied by a cellular
morphology transition to the granular shape. However, the
shear viscosity decreased gradually during further deoxy-
genation. A large portion of cells appears extremely elon-
gated with the intracellular HbS fibers aligned in one
direction. To study the effect of morphology on the rheolog-
ical behavior of SS-RBCs, we simulate the shear flow of
SS-RBC suspensions with the three distinct types of sickle
cells reported in the experiment (Hct ¼ 40 %). Fig. 4 plots
the shear viscosity with shear rate from 25 to 75s–1, and the
shear modulus of the cell membrane is the same for all three
types. In similarity to Fig. 3, the SS-RBC suspension
shows elevated and shear-independent viscosity values for
all three types. Moreover, the SS-RBC suspensions exhibit
different viscosity values for the different cell shapes.
Within the shear rate of the current simulation, the viscosi-
ties of SS-RBC suspensions with granular, sickle, and
elongated shapes are approximately 13.5, 12.2 and 9.4 cp,
respectively. This result explains the progressive decrease
of the viscosity value with further deoxygenation, because
a large portion of granular cell transforms into the elongated
shape during the procedure. This result is probably due to
the different effective volume for each type of the SS-RBC
in the shear flow system (10), which affects the momentum
transport ability between the cells.SS-RBC suspensions in tube flow
The hemodynamics of SS-RBCs was previously studied in
an isolated vasculature (4) with subpopulations of different
MCHC values. Whereas the oxygenated SS-RBCs exhibit
hemodynamics similar to those observed in healthy blood
flow, the deoxygenated SS-RBCs show distinctive dynamicShear rate (s-1)
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FIGURE 4 Shear viscosity of the sickle blood flow with different cell
morphologies reported by Kaul and Xue (10). Hct ¼ 40%.
Biophysical Journal 102(2) 185–194properties for each type of subpopulation. In the simulation,
we consider SS-RBC suspensions in a tube flow system with
Hct ¼ 30 %, in similarity to the experiment. However, the
size and topology of the microvasculature in the experiment
are unknown. Therefore, we set the diameter of the tube to
be 9.0 mm, which is a typical size for capillary flow. In this
sense, we do not expect the apparent viscosity obtained from
the simulation to match exactly with the experimental
results. Instead, we explore the effect of different types of
SS-RBCs on the flow resistance in the microcirculation.
Deoxygenated blood flow is represented by a suspension
of RBCs with sickle and granular shapes. The membrane
shear modulus and bending rigidity are similar to the values
adopted in the simulation of a shear flow system. Blood
plasma and cytosol are explicitly represented by DPD, and
they are separated by the cell membrane through the
bounce-back reflection on membrane surface. The viscosity
of the cytosol is set to 4h0 and 50h0 for healthy and deoxy-
genated blood flow, respectively, where h0 is the viscosity of
the blood plasma. (We note that the viscosity of the cytosol
under deoxygenated conditions could be much larger than
50h0. On the other hand, a sensitivity study we performed
with cytosol viscosity hinner ¼ 100h0 shows that the blood
dynamics is nearly independent of hinnerwith hinner> 50h0.)
Fig. 5 plots the increase of the flow resistance with
different oxygen tensions for the sickle and granular shapes.
Although both types of blood flow show a further increase in
flow resistance in the deoxygenated state, the granular type
of blood flow shows a more pronounced elevation compared
with the sickle shape. Kaul et al. proposed that this may be
due to the different distribution of SS-RBCs in the capillary
(4). The inset plot of Fig. 5 shows snapshots of sickle and
granular cells in the tube flow. The cells of sickle shape
tend to flow along the axis of the tube, as observed by
LaCelle (28) in experimental studies. To quantify this
phenomenon, we computed the cell orientation angle distri-
bution in the tube flow, as shown in Fig. 6. The cell orienta-
tion is defined by the angle q between the flow direction and
the eigenvector of the gyration tensor V1 defined by Eq. 3.
For each type of cell, the simulated orientation angle
distribution f ðqÞ is fitted by superimposed Gaussian wave
functions. Detailed fitted functions and parameters are pre-
sented in Fig. 6. Compared with the granular cells, the
orientation angle of the sickle-shape blood shows a wider
distribution for large values of q, indicating that the
sickle-shape SS-RBCs are more likely to orient along the
flow direction. (This is also supported by unpublished data
(Ming Dao and Sarah E. Du, Massachusetts Institute of
Technology, personal communication, 2011).) This configu-
ration results in a lower flow resistance as compared with
the granular cells, which exhibit a scattered distribution
near the centerline of the tube. Finally, we note that the
elevation of the flow resistance is underestimated by the
simulation as compared with the experimental results.
This discrepancy is probably due to the entrapment of
FIGURE 6 Cell orientation angle distribution f ðqÞ for healthy, sickle.
and granular cells in pipe flow. The cell orientation is defined by the
angle q between the flow direction (x) and the eigenvector V1 of the
gyration tensor, as shown in the inset plot. The dashed lines represent
the fitted curves to the simulated results by superimposed Gaussian
wave functions. For the healthy cell, f ðqÞ ¼ aqebqp þ c, where a ¼
0.014, b ¼ 0.047, p ¼ 1.4, c ¼ 0.002. For the granular cell,
f ðqÞ ¼ a1ec1ðqb1Þ2 þ a2ec2ðqb2Þ2 , where a1 ¼ 0.0315, b1 ¼ 29.42, c1 ¼
0.012, a2 ¼ 0.033, b2 ¼ 44.75, c2 ¼ 0.018. For the elongated cell,
f ðqÞ ¼ a1ec1ðqb1Þ2 þ a2ec2ðqb2Þ2 þ a3ð90 qÞec3ð90qÞ, where a1 ¼
0.024, b1 ¼ 53.2, c1 ¼ 0.021, a2 ¼ 0.015, b2 ¼ 70.3, c2 ¼ 0.015, a3 ¼
0.025, c3 ¼ 0.2. The fitting parameters are subject to the constraintR
f ðqÞdq ¼ 1.
FIGURE 5 Increase of the flow resistance induced by the sickle blood
flow for both granular (a) and sickle (b) shapes. The inset plot shows a snap-
shot of the sickle cells in the tube flow.
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further increase the flow resistance of the blood flow. We
discuss this mechanism in the following section.Adhesion dynamics of SS-RBCs
The hemodynamic results presented in the previous section
show elevated flow resistance for deoxygenated SS-RBC
suspensions. However, we observed no full flow occlusion
in our simulations (16 sets of simulations with different
combinations of cell membrane rigidities and inner
viscosity). In contrast, recent in vitro experiments by Hig-
gins et al. (12) showed that SS-RBC suspensions may result
in full flow occlusion in microchannels under deoxygenated
conditions, i.e., without any adhesion with the wall. We
suspect that the occlusion reported in the experiment is
due to the complex geometry of the microchannel used in
the experiment. Some deoxygenated cells with stiffened
membrane may get stuck at the corner of certain channels
that are smaller than a single cell, as was observed ina microchannel experiment with malaria-infected RBCs
conducted by Shelby et al. (30). However, we observed no
full occlusion in this study with a straight tube of diameter
D ¼ 9 mm under different parametric variations.
A previous study on SS-RBC occlusion indicated that the
adhesive interaction between SS-RBCs and vascular endo-
thelium plays a key role in the vicious occlusion-and-sickle
cycle (31). The mechanism of the adhesive interaction is
relatively complicated, with several interrelated factors
playing important roles during the procedure. In addition
to the interactions between SS-RBC and endothelium, an
in vivo experiment indicated that SS-RBCs can also interact
with the leukocytes adherent to inflamed postcapillaries
(32). However, the detailed adhesive mechanisms are
beyond the scope of this work. To investigate the effect of
a general adhesive interaction on the dynamics of blood
flow, we simply assume that there exist certain types of
endothelial ligands coated on the wall of the tube, referring
to the relevant adhesive proteins that we model indirectly, as
shown in Fig. 7. The ligands are uniformly distributed with
density 4 mm–2. A bond interaction can be formed and
ruptured between the cell vertices and the ligands with
a stochastic model as described in the ‘‘Multiscale Model’’
section. The simulation parameters are included in the
Supporting Material.
With the simplified adhesive model defined above, we
reconsider blood flow in a tube as described above. The stiffBiophysical Journal 102(2) 185–194
FIGURE 7 Sickle blood flow with adhesive dynamics. The green dots
represent the ligands coated on the vessel wall. The blue cells represent
the active group of sickle cells that exhibit adhesive interaction with the
coated ligands. The red cells represent the nonactive group of cells. Top:
A snapshot showing the active group of cells flowing into the region coated
with ligands. Bottom: A snapshot of SS-RBCs in the local occlusion state.
Time (s)
U
m
ea
n(µ
m
/s
)
6 7 8 9 10 110
40
80
120
160
200
Steady flow
Adhesion
Secondary trapping
FIGURE 8 Mean velocity of sickle blood at different stages of the adhe-
sive dynamics. The red and blue curves correspond to pressure drops of
8.3104 Pa/m and 1.35105 Pa/m, respectively.
192 Lei and Karniadakisbiconcave shape is adopted for the RBC model, and the
shear modulus of the cell membrane is 100 times the value
of healthy cell. For a comparison study, steady flow is first
achieved with the adhesive interaction being turned off.
The measured relative apparent viscosity is ~1.52 and no
blood occlusion is observed in the simulation. Next, we
consider blood flow with the adhesive interaction incorpo-
rated. As shown in Fig. 7, the blood cells are divided into
two groups. Each SS-RBC in the active group (colored
blue) expresses the adhesive receptors with the average
adherent force ~68 pN, whereas the nonactive group
(in red) does not interact with the ligands. The active group
of cells, once it flows into the region coated with the ligands,
shows firm attachment to the wall of the channel, which
results in a substantial decrease in the effective tube diam-
eter and the shear rate near the trapped cells. Moreover,
the entrapped cells result in a secondary trapping of the non-
active cells in the adhesion area due to the largely increased
membrane stiffness. This procedure is accompanied by
a further decrease in the shear rate, which eventually leads
to partial or even full occlusion of the tube flow.
Fig. 8 presents the mean velocity of the blood flow as
a function of time, corresponding to the procedure described
above. For the case without adhesion, the steady flow state is
reached with average velocity of ~180 mm/s and 115 mm/s,
respectively. With the adhesive dynamics turned on, blood
flow exhibits a transition from steady flow to a partial/fullBiophysical Journal 102(2) 185–194occluded state, which can be roughly divided into three
stages according to the velocity values shown in Fig. 8.
The first stage (t < 6.9 s) represents the steady flow state
before the active cells arrive at the region coated with
ligands. The velocity value is similar to the case without
adhesion. However, the average velocity undergoes a sharp
decrease to 40 mm/s during the second stage (6.9 s < t <
7.3 s), representing the adhesion procedure between the
active cells and the coated ligands with decreased effective
tube diameter. In the third stage, the blood flow (blue curve)
with the larger pressure drop exhibits a partially occluded
state with average velocity of 50 mm/s due to persistently
adherent cells on the wall of channel. Moreover, the velocity
of the blood flow with the smaller pressure drop (red curve)
decreases slowly to ~10 mm/s, representing the secondary
entrapment of the nonactive cells and the fully occluded
state.DISCUSSION
In this study, we employed a validated multiscale model to
quantify the morphology and dynamic properties of SS-
RBCs. To the best of our knowledge, this is the first work
on multiscale 3D modeling of SS-RBCs to capture the
heterogeneous nature of both realistic single cell shapes
and the corresponding collective hemodynamics. Specifi-
cally, we constructed three typical shapes of distorted sickle
cells according to experimental observations by SEM with
different deoxygenation rates and MCHC values. We quan-
tified the different degrees of distortion by the ASF and ESF
of each cell shape, and our results are consistent with the
medical image observations. We note that the modeling
procedure provides a general framework to link the experi-
mental results obtained at the macroscale with the numerical
Quantifying the Biophysical Characteristics of Sickle Cell Anemia 193modeling of blood cells at the mesoscale level, which can be
further extended to general modeling of diseased cells with
other specific shapes characterized by optical techniques.
With regard to the rheological properties, the simulated
results are in good agreement with the experimental results
for both healthy and deoxygenated SS-RBC suspensions.
Compared with the healthy blood, the shear viscosity of
the deoxygenated SS-RBC suspensions shows a general
elevation for different shear rate conditions. Two main
points emerge from the shear viscosity results for SS-RBC
suspensions: First, the transition from shear-thinning flow
to shear-independent flow reveals the profound effect of
the cell membrane stiffening during the deoxygenation
procedure, as reported by Itoh et al. (8). Second, the simu-
lated results of shear flow with different cell shapes indicate
that the cell morphology further influences the shear
viscosity values. Although the blood with granular shape
exhibited the largest viscosity, the elongated shape that orig-
inated from the granular cell with further deoxygenation re-
sulted in the least-viscous state. Our simulation results
further validate the dependence of SS-RBC rheology on
cell morphology as reported by Kaul and Xue (10).
In addition to the shear flow system, the heterogeneous
nature of SS-RBCs is also observed in the microtube flow
system. The change of the flow resistance induced by gran-
ular RBCs shows a greater increase than the resistance of
blood with sickle-shape RBCs because the latter may align
along the flow directions, resulting in a wider plasma layer.
Compared with the experiments conducted in isolated
microvasculature, our simulations indicate a general
underestimation of the blood flow resistance induced by
SS-RBCs. This discrepancy is mainly due to the two simpli-
fications in our model: 1), the isolated vasculature is
modeled as a simple tube flow, whereas the detailed wall
topological information is omitted; and 2), the erythro-
cyte-endothelium interaction is not considered. Remark-
ably, the perfusion of the Ringer’s solution after the
deoxygenated SS-RBC suspensions only results in partial
recovery of the pressure and flow rate (4), indicating persis-
tent adhesion events and local vascular obstruction.
The introduction of adhesive dynamics in our model
shows a profound effect on the hemodynamics of SS-
RBCs. The attachment of adhesive cells to the vessel wall
reduces the effective diameter of the blood vessel, which
results in further elevation of the flow resistance. Moreover,
the adhesive cell attached on the vessel wall can further
entrap nonadhesive, less-deformable cells, leading to
a secondary elevation of the flow resistance, or even full
occlusion of the channel. The adhesion-trapping procedure
predicted here resembles the essential stages of the two-
step model for SS-RBC occlusion in postcapillary venules
proposed by Kaul and Fabry (31) and Kaul et al. (33).
However, we note that the multifunctional, interrelated
adhesion interactions are represented by a stochastic model
with simple formation/rupture events between the mediationmolecules adopted here. To the contrary, the different adhe-
sive pathways involved in the procedure may exhibit
different responses to the physiological conditions (e.g.,
local wall shear stress, target protein density, and endothe-
lium inflammation), which may result in different adhesive
dynamics. Therefore, an experimental characterization of
the adhesion response under different physiologic condi-
tions would be of great interest. Moreover, recent studies
in transgenic sickle mice revealed that the leukocytes may
play an important role in vascular occlusion (32). The sickle
disease may significantly enhance the endothelium-leuko-
cyte interaction, and the adherent leukocytes may further
facilitate the entrapment of the sickle cells. These unre-
solved issues require further experimental and numerical
investigations.SUPPORTING MATERIAL
Two movies, more details on the RBCmodel, a mathematical description of
the three main shapes (sickle, elongated, and granular), a mathematical
description of the three main shapes (sickle, elongated, and granular),
simulation parameters, four tables, four figures, and references (34–38)
are available at http://www.biophysj.org/biophysj/supplemental/S0006-
3495(11)05403-8.
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